We present a systematic study to investigate the effects of nonframework cations and the role of phonon scattering mechanisms on the thermal transport properties of zeolite LTA, via experiment and semiempirical lattice dynamics calculations. Our study is motivated by the increasing interest in accurate measurements and mechanistic understanding of the thermal transport properties of zeolite materials. The presence of a nanostructured pore network, extra-framework cations, and tunable framework structure and composition confer interesting thermophysical properties to these materials, making them a good model system to investigate thermal transport in complex materials. Continuous films of zeolite LTA with different nonframework cations ͑Na + , K + , and Ca +2 ͒ were synthesized and characterized. The thermal conductivity was measured using the three-omega method over a wide range of temperature ͑150-450 K͒. These are the first thermal conductivity measurements performed on bulk LTA, so they are more accurate than previous measurements, which involved the use of compacted zeolite powders. Our data showed significant dependence of the thermal conductivity on the extra-framework cations as well the temperature. The thermal conductivities of the zeolite LTA samples were modeled with the relaxation time approximation to the Boltzmann transport equation. The full phonon spectra for each type of LTA zeolite were calculated and used in conjunction with semiempirical relaxation time expressions to calculate the thermal conductivity. The results both validated, and suggested the limitations of, this modeling approach. Optical phonons dominated the thermal conductivity and boundarylike scattering was found to be the strongest phonon scattering mechanism, as also observed in MFI zeolite.
I. INTRODUCTION
Zeolites are nanoporous mixed-oxide crystals with complex structures formed by corner-sharing oxide tetrahedra ͑TO 4 ; with T = Si, Al, etc.͒. 1 Approximately 175 zeolite structures can currently be synthesized. A large number of other framework structures can also be obtained by inclusion of elements that favor octahedral and pentahedral coordination. The capability of altering the composition of a given zeolite framework ͑e.g., by lattice atom substitution or by introducing metal cations and organic molecules into the pores while maintaining the same crystal structure͒, or conversely the ability to synthesize different crystal structures with the same composition, makes them extraordinarily versatile materials with interesting structure-function relationships 2 and many important applications in the energy and chemical processing sectors. 3 Newly emerging device applications for zeolite materials and thin films include materials for adsorption cooling devices, 4 low-k dielectric films for computer chips, [4] [5] [6] and patterned nanostructures for optoelectronic applications. 7, 8 Our interest in the thermal transport properties of zeolite materials originates primarily from their suitability as a model system containing complex, yet well-defined and characterizable, nanostructural features ͑such as an ordered nanopore network, lattice substitution sites, metal cations, or organic species adsorbed in the pores͒ that interact with heatcarrying phonons. This creates a number of opportunities for developing and testing models of thermal conduction in complex crystals. In a recent work, 9 we have shown that the thermal conductivity of zeolite MFI thin films can be tuned by substituting silicon with aluminum in the zeolite framework. This is due to a reduction in phonon velocity as well as point defect scattering, thus thermal conductivity decreases as the amount of aluminum in the zeolite framework increases. We have also demonstrated that the thermal conductivity of MFI thin films is affected by the presence of the organic template inside the zeolite pores. 10 In this paper we investigate the effects of extra-framework substitutions of metal cations in the zeolite pores, using the aluminosilicate zeolite LTA as the model system. Thermal transport in this system is studied by measuring and modeling the thermal conductivity of polycrystalline films of three cation containing LTA zeolites: Na-LTA, K-LTA, and Ca-LTA.
The thermal conductivity of zeolite LTA powders has previously been investigated by experiment and simulation. Previous experimental studies measured the effective thermal conductivity of compacted powders of Na-LTA. 9, 10 Approximate measurement models and data analysis were used to estimate the bulk thermal conductivity of LTA. The resulting estimates for the thermal conductivity of zeolite Na-LTA from the two studies differ by more than an order of magnitude. More direct measurements of the thermal conductivity of LTA are needed to resolve such discrepancies, and to provide insight into the effects of nonframework cations on thermal properties. There have also been two molecular dynamics simulation studies of the thermal conductivity of bulk zeolite LTA, aimed at a better understanding of thermal transport in complex porous materials. 11, 12 McGaughey and Kaviany 11 highlighted the temperature dependence of the thermal conductivity and phonon mean free path in a puresilica form of LTA. It is currently not possible to synthesize thin films of pure-silica LTA, and therefore their findings cannot yet be directly compared to experiment. Murashov 12 simulated thermal transport in aluminosilicate LTA with different metal cations in the pores. However, the short MD simulation timescale implies that a good statistical sample of the thermal behavior may be difficult to obtain. This was mentioned 13 as a possible reason for the discrepancies between the different simulation studies. Additionally, the thermal properties of zeolite LTA exhibit quantum effects and therefore classical molecular dynamics ͑MD͒ simulation results, which have been used very successfully for simple crystals, [13] [14] [15] should be treated with some caution. In this study we address both the need for unambiguous experimental measurements of the thermal conductivity of LTA, and more detailed physical insight into the thermal conduction processes in such nanoporous materials. Our approach is to fabricate polycrystalline Na-LTA films, from which Ca-LTA and K-LTA films can be derived by ion exchange techniques. The films are prepared by secondary ͑seeded͒ growth from a spin-coated seed layer of LTA nanoparticles, and are characterized by x-ray diffraction ͑XRD͒, scanning electron microscopy ͑SEM͒, and energy dispersive spectroscopy ͑EDS͒ to determine the crystal structure, out of plane crystal orientation of the film, and nonframework cation content. We then conduct detailed measurements of thermal conductivity as a function of temperature, using the three-omega method. We model the thermal conductivity in the framework of the relaxation time approximation of the Boltzmann transport equation, with detailed input on phonon dispersion and specific heat obtained from atomistic lattice dynamics calculations.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
Zeolite LTA ͑Fig. 1͒ has a cubic crystal structure, and crystallizes in Fm3c space group. 15 The framework of Zeolite A is built by connecting two sodalite cages via oxygen atoms on the four-membered ring faces. The Si:Al ratio is approximately unity. Hence the T-atom positions are alternately occupied by Si and Al, in accordance with Loewenstein's rule. 16 A unit cell of LTA ͑Fig. 1͒ contains a large cage with a diameter of 11.4 Å and smaller cages with a diameter of 6.6 Å. The large cages are connected to each other via eight-membered rings. The unit cell also contains sixmembered rings and four-membered rings. Three kinds of sites are available for extra-framework cations:
16 the ␣-site located near the center of the eight-membered ring, the ␤-site located near the center of six-membered ring, and the ␥-site located near the center of the four-membered ring. In most cases, the ␥-site has the weakest affinity for cations, and ␤-site has the highest affinity for cations. 16, 17 This paper focuses on three types of cations: Na + , K + , and Ca 2+ . The LTA unit cell has 96 Al atoms, 96 Si atoms, and 384 O atoms, so the net negative charge of the framework is Ϫ96. The balancing positive charge from the metal cations is therefore +96. Na + and K + are monovalent while Ca 2+ is divalent, hence Na-LTA and K-LTA have 96 cations and Ca-LTA has 48. For each type of LTA, the total number of available cation sites is much larger than the actual number of cations required to balance the framework charge. Hence, the cation distribution among the three types of sites is typically disordered.
A. Zeolite film synthesis and characterization
The synthesis of a continuous LTA zeolite film was involved because the high Al content inhibits the film growth process. The synthesis conditions were manipulated extensively in order to finally obtain a continuous, high-quality Na-LTA film. The Na-LTA seed nanoparticles are prepared from a clear solution with a composition of 4. 500°C for 8 h with a heating rate of 1°C / hour. The growth process was repeated twice in order to obtain a thicker LTA zeolite film. The films were polished first with SiC paper ͑Buehler Inc., 1000 and 4000 grit͒ at 100 rpm for 20 s and then with alumina polishing suspensions to obtain 0.5, 0.3 and 0.05 m smoothness. Ion exchange of the assynthesized sodium-containing films with potassium or calcium ions was performed by suspending the films vertically in 0.1 M salt solutions containing KCl or CaCl 2 at 70°C for 6 h. This process was repeated three times, and each time a fresh solution was used, the films were first washed with warm water to remove any excess chloride or salt on the surface. The films were characterized by XRD to verify the formation of LTA films. The film morphology, thicknesses, and compositions were characterized by SEM and EDS.
B. Thermal conductivity measurements
The thermal conductivity of the zeolite LTA films was measured using a three-omega method, as previously discussed. 9 Before measuring the thermal conductivity, the zeolite film sample was first heated under vacuum to 450 K and held overnight. This step was necessary to ensure the complete dehydration of LTA, because it readily adsorbs water at ambient conditions. This procedure also ensured that the thermal conductivity measurement was conducted on the cubic crystal structure of LTA used in the lattice dynamics calculations. It was reported 15 that although the crystal structure of LTA zeolite initially changes upon evacuation and heating, the fully dehydrated structure returns to a cubic crystal and does not change upon further heating or cooling until it is rehydrated.
C. Structural model and phonon dispersion calculations
The first step in the calculation was to create a representative supercell of the structure. The unit cells used for the calculation are based on detailed literature data [20] [21] [22] regarding the cation site locations and occupancies. Most cation sites have only partial occupancies. LTA unit cells modeled by mean field theory ͑i.e., assuming all the cation sites to be filled with partial occupancies͒ were found to be unstable. Therefore, the cations were instead placed randomly into different cation sites such that each different type of cation site had the correct overall site occupancy. Furthermore, care was taken to ensure that two neighboring cations were not placed in locations that cannot simultaneously be occupied ͑due to electrostatic repulsion͒. To get a statistical sample of the cation positions, a supercell was used to model the crystal structure. The supercells used here were made from four LTA primitive lattice cells, which correspond to what is typically referred to as a single LTA unit cell. To check that a good statistical sample of cation locations in the crystal was obtained with this supercell, three representative unit cells for each type of LTA were created, with different random cation configurations. For each type of LTA studied the three different densities of states for the three different cation configurations were calculated and found to be nearly identical; this implies that the representative unit cells used are reasonable approximation of the actual crystals.
An appropriate interatomic potential must be chosen before performing the lattice dynamical calculations. For LTA the potential model developed by Catlow 19, 23 was used because of its many previous computational successes. It includes Buckingham terms for the dipole-dipole interactions of the O-O, Si-O, Al-O, and cation-O bonds, a three body term for angle bending of the SiO 4 and AlO 4 tetrahedrons, a Coulombic term resulting from the polarity of Si-O and Al-O bonds, and a core-shell model for oxygen atom polarizability. The first step in the calculation was to use the interatomic potential to calculate and minimize the energy of the unit cell. This was done with a combination of the rational function optimizer ͑RFO͒ and Newton-Raphson techniques, which were implemented with the general utility lattice program ͑GULP͒.
24 During the energy minimizations, the fractional coordinates of all framework and nonframework atoms in the representative unit cell were allowed to relax and the unit cell parameters were left constant at the values obtained from the crystal diffraction data in the literature. The potential energy surface had many saddle points. Therefore, care was taken when analyzing the results. If all the phonon frequencies are real the dynamical matrix is positive definite, which implies the positive definiteness of the Hessian matrix and that a true minimum has been reached. All the eigenfrequencies, were found to be real so we are confident that the structure converged to a local minimum and not a saddle point. The structures were also examined visually to verify their reasonableness. Once the minimization converged, GULP was also used to calculate the phonon dispersion of the optimized crystal lattice. The full anisotropic phonon dispersions for all branches were calculated across the entire Brillouin zone. The dispersions were calculated by evaluating the square roots of the dynamical matrix eigenvalues across an evenly spaced grid of 1000 points that span the positive octant of the Brillouin zone.
D. Thermal property calculations
The phonon dispersions were then used with semiempirical relaxation time expressions, to fit the thermal conductivity data. The starting point for this procedure was the following expression for thermal conductivity:
The summation goes over all phonon wave vectors K in the Brillouin zone and dispersion branches p, so it is a sum over all phonon states. c p ͑K ជ ͒ is the specific heat of all the phonons in a mode, v p ͑K ជ ͒ is the group velocity of a phonon in a given mode and it is projected onto the direction of interest, and p ͑K ជ ͒ is the relaxation time, which is the time it takes an over excited phonon state to return to equilibrium. The modal phonon specific heat was calculated in the harmonic approximation with the following expression:
The group velocity is the gradient of the dispersion surface; hence phonon group velocities were estimated by taking the finite difference derivatives of the dispersion. The phonon relaxation time is the time it takes a phonon mode that is out of equilibrium to return to equilibrium. The phonon relaxation time is different from the phonon lifetime, which is the average time a phonon exists before it is destroyed by a scattering event. For example, if a phonon mode were to have a high normal scattering rate and a low Umklapp scattering rate, it could have a small phonon lifetime and a large phonon relaxation time. In order to calculate the phonon relaxation time from first principles, the phonon lifetimes need to be calculated and the relationship between phonon lifetime and relaxation time needs to be known. Unfortunately, the relationship between phonon relaxation time and lifetime is not well understood. There are a number of models and approximations that are used to determine this relationship, [25] [26] [27] [28] but little or no work has been done to rigorously test the validity and differences of the different models. The single mode relaxation time model, which simply approximates the phonon relaxation time as being equal to the phonon lifetime, has successfully been used to calculate the thermal conductivities of solid argon 29 and silicon. 30 However, its validity for different or more complex materials has never been tested; in addition, there are no known criteria that can be used to determine its validity. No other models that approximate the relationship between phonon relaxation time and lifetime have been rigorously tested with first principles calculations for any materials. Calculations of phonon lifetimes from first principles have been performed for simple materials like solid argon 29 and silicon. 30 However, even the calculations for such simple materials are very involved and many of the common assumptions that are used to perform these calculations may not be valid for complex materials like zeolites. For instance, the two most common assumptions used to calculate and estimate phonon lifetimes in a perfect crystal are: ͑1͒ phonon lifetimes can be adequately calculated by applying first-order time-dependent perturbation theory ͑i.e., Fermi's Golden Rule͒ to the anharmonic terms in the crystal Hamiltonian and ͑2͒ only the third-order anharmonic contribution to the crystal Hamiltonian induces significant phonon scattering. If this set of assumptions was true, then the phonon line broadening would be Lorentzian. 31 By performing molecular dynamics simulations and calculating normal mode autocorrelation functions, Chen and Kopelevich 32 have simulated phonon line broadening of some phonon modes in the zeolite sodalite; they found that some phonon line shapes deviate strongly from Lorentzian curves. While it is difficult to determine exactly which of the two assumptions have broken down, it is clear from the simulated phonon line broadening that at least one of them are invalid. Furthermore, even if the aforementioned assumptions were valid for calculating phonon lifetimes in zeolites from first principles, the large unit cells would result in the calculation being computationally intractable. There are molecular dynamics studies that explicitly calculate phonon lifetimes [32] [33] [34] without the aforementioned assumptions. However, this approach requires a large number of simulations with varying system sizes in order to adequately sample the Brillouin zone, so the calculation is computationally intractable for zeolites like LTA. In addition, the relationship between lifetime and relaxation time would have to be known in order to calculate the thermal conductivity.
A detailed first principles analysis of the phonon relaxation time in zeolites would require great leaps in the current understanding of phonon scattering and massive amounts of computer time. Therefore, the relaxation time was modeled using semiempirical formulas. Like other ordered and partially disordered zeolites 11, 12, 35, 36 the thermal conductivity of LTA has a temperature dependence that is neither typical of a crystalline material nor of an amorphous material, but rather a mix of the two. It exhibits a temperature dependence that is close to what is observed for a "minimum thermal conductivity material," which is often modeled with phonons having the same fixed relaxation length regardless of mode or temperature. Attempts to fit the thermal conductivity of LTA with a "minimum thermal conductivity" model have revealed that a small temperature-dependent term needs to be included to adequately model the thermal conductivity. Thus, the relaxation time is modeled assuming phonon modes relax by both fixed relaxation length and temperature-dependent scattering mechanisms. The validity and shortcomings of this approach will be discussed in the results section.
The fixed relaxation length scattering term used is the same that would be used for boundary scattering and is
l eff is treated as a fitted constant. The temperature-dependent scattering term used is
Here, B is a fitted constant that is ascertained by fitting the thermal conductivity model to experimental data. D is the Debye temperature, which is obtained by fitting the Debye model to experimental specific heat data. The exponent in the above expression has been treated as a fitted constant in pre- vious works. 39 However, the temperature-dependent scattering term is too small ͑when compared to the degree of precision of the measurements͒ to make the value of the exponent particularly significant. The above expression was developed for acoustic phonon scattering in simple materials, but it has two key features that make it suitable to quantitatively include in the present work. In the high temperature limit it will cause the thermal conductivity to be inversely proportional to temperature, which is the thermodynamically expected behavior for a crystalline material. 37 It also causes scattering to increase with phonon frequency, a trend that is intuitively expected. The expression for total relaxation time was calculated from Matthiessen's rule, which gave an overall scattering rate of
Matthiessen's rule is commonly used 28, 37 and likely introduces little error into the calculation. Finally, to calculate the thermal conductivity the semiempirical expressions and Matthiessen's rule were inserted into Eq. ͑1͒ and fitted to experimental data. This procedure was carried out for the three different types of LTA studied here.
III. RESULTS AND DISCUSSION

A. Zeolite film structure and morphology
All the LTA films show a ͑200͒ out of plane orientation as determined by XRD ͑Fig. 2͒. Figure 3 shows the SEM cross section and top views of polished and unpolished LTA films. As expected, the morphology of the films is not altered upon ion exchange. The thickness of the LTA films is about 6 m after six days of hydrothermal synthesis. These films are thicker than previously reported LTA films. 18 This is likely due to the higher synthesis temperature used in this study. The final thicknesses of the polished LTA films are between three and five microns. The composition of the films was investigated by EDS measurements taken from a number of points in the film cross section ͑Table I͒. All the films show a Si/Al ratio of approximately 1 within experimental error. As desired, the Al/cation ratio is about unity for the univalent cations Na + and K + , and about 2 for the divalent cation Ca 2+ .
B. Fit of the thermal conductivity
The fitted thermal conductivity is shown in Fig. 4 . The magnitudes and temperature dependence of the thermal conductivities for all three types of LTA are typical for nanoporous crystals. 36, 40 At moderate temperatures the thermal conductivities continue to increase, and the temperature dependences of the thermal conductivities are similar to that of the specific heats as shown in Fig. 5 . This implies that phonon mean free paths in LTA have weak temperature dependences. The continued rise of the thermal conductivity at the temperatures shown implies that the optical modes contribute substantially to the thermal conductivity. This is because all the acoustic phonons in LTA have reached the classical limit even at 150 K, so their contribution to the thermal conductivity likely decreases with increasing temperature. The physical parameters obtained from fitting the model to the data, and their 95% confidence intervals expressed as a percentage of their values, are shown in Table II . It is clear that the boundarylike scattering is the dominant phonon scattering mechanism, which explains the weak temperature dependencies of the phonon relaxation lengths. The fitted values of l eff have small confidence intervals. This suggests that the assumed functional form of the temperature-independent scattering term is physically relevant. The moderately large 
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confidence intervals for the fitted constants used in the temperature-dependent scattering terms indicate that there are inaccuracies in the assumed functional form of the temperature-dependent scattering. The temperaturedependent scattering is not as significant as the temperatureindependent boundarylike scattering. For example, we have made thermal conductivity fits that include only the boundarylike scattering term. It was found that the inclusion of a temperature-dependent scattering term is necessary to reproduce the correct temperature dependence, but neglecting the temperature-dependent scattering term does not greatly change the values of the fitted boundarylike scattering constants. The fitted constants for boundarylike scattering are about 15% less than the values obtained in the original fits. As a result, it is concluded that changing the exponent will only have a small effect on the values of the fitted constants. Thus, even if a more accurate temperature-dependent scattering term were available, its fitted parameters would likely have large confidence intervals as well.
The present results on zeolite LTA are qualitatively similar to those obtained in zeolite MFI 36, 41 and may be indicative of a more general thermal transport behavior in zeolites. The weak temperature dependence of the phonon scattering is also evident in molecular simulations preformed by McGaughey and Kaviany 11 on perfectly ordered siliceous LTA. It is an inherent characteristic of its structure, and not a product of the disorder in the cation locations. The weak temperature dependence implies that phonon relaxation times in LTA are only weakly dependent on phonon occupation numbers, and is consistent with a boundarylike scattering mechanism dominating the thermal conductivity. Furthermore, McGaughey and Kaviany 11 have observed trapping of heat between the zeolite pores in their simulations. This shows that the pores play a critical role in limiting heat conduction in zeolites. This finding is not surprising. Heat conduction can be envisioned as a random walk of energy along a lattice network, and therefore pores in the lattice will greatly limit the transport of heat. In addition, the fitted values of l eff are not much greater in magnitude than the length scales of the pore network. As a result, it can be deduced that the pores play a major role in phonon scattering.
C. Specific heat of zeolite LTA
The calculated specific heat is shown in Fig. 5 . The experimental specific heat of Na-LTA, which has previously been measured by Qiu et al., 42 is also shown. There are small but significant deviations between Qiu's data and our calculations. Using the same interatomic potential and techniques similar to those presented here, the specific heats of puresilica quartz, zeolite MTT, and zeolite MFI have been calculated with high accuracy. 43 The aforementioned materials are all composed of pure-silica frameworks. LTA is composed of an aluminosilicate framework and nonframework cations, so the deviations between the calculated and experimentally measured specific heat of Na-LTA may result from an inadequate description of the Al-O interactions or the Na-O interactions. It may also be indicative of the loosely bound cations undergoing large, anharmonic oscillations that are not captured in the harmonic lattice dynamical calculations. While it is likely that cation thermal motion is largely anharmonic, it would take a tremendous amount of anharmonicity to account for the deviations between the model and experiment because only about 15% of the atoms in Na-LTA are extra-framework cations. The deviations between the calculated and measured specific heat of Na-LTA are larger than the deviations in the calculated specific heats between the different types of LTA. Therefore it is unclear if the calculated differences in specific heat between the different types of LTA indicate that the specific heats are actually different from each other or if the differences result from inaccuracies in the harmonic model of specific heat or the interatomic potential.
D. Phonon speed and mean free path
The specific-heat-weighted phonon speed is shown in Fig. 6 . Analyzing this quantity can give some insight into the thermal behavior and phonon dynamics of zeolite LTA. The average phonon velocities are nearly temperatureindependent and very low in comparison to a pure-silica zeolite such as MFI. 9 The low temperature dependence and small magnitudes of the average phonon speeds imply that different optical branches have similar phonon speeds and that the optical branches are relatively flat throughout the Brillouin zone. The differences in phonon speed between the different types of aluminosilicate LTA are quite small. This implies that the differences in thermal conductivity between the different types of LTA primarily result from different boundary scattering rates, which result in different phonon mean free paths. However, it is not apparent why different types of LTA have different phonon boundary scattering rates. The three types of LTA are too different from each other to be thought of as perturbations of one another, and so a direct comparison of the same phonon mode in the different types of LTA is not possible. The room temperature thermal conductivities of Na-LTA, K-LTA, and Ca-LTA are 1.14, 0.85, and 0.98 W/m/K, respectively. Neither silica framework density, mass density, degree of cation disorder, cation mass, nor even cation valency correlate with the trend of thermal conductivity across the different types of LTA.
The effects of inclusion of nonframework molecules in zeolite pores on phonon dynamics have been studied by Chen and Kopelevich. 32 It was found that the inclusion of molecules inside sodalite pores does not qualitatively change the phonon dynamics. However, the mean values of the normal mode coordinates, phonon lifetimes, and phonon frequencies can change. The study also showed that nonframework molecules and atoms located in the pores can lengthen the lifetimes of some phonon modes and shorten the lifetimes of other phonon modes, so nonframework molecules have a complicated relationship with phonon dynamics and do not act as mere point scatters that reduce phonon lifetimes. Murashov 12 used molecular simulations to analyze the effects of nonframework cation mass on thermal conductivity and found a complex periodic relationship between cation mass and thermal conductivity. The aforementioned studies have shown that the relationship between nonframework cation and thermal conductivity is highly complex. Therefore it is not surprising that the model used here, which treats phonon scattering in an approximate manner due to computational necessity, cannot fully interpret how and why different nonframework cations affect the thermal conductivity of LTA.
The phonon mean free paths are likely of the same order of magnitude as the phonon relaxation lengths, which are of the order of a few lattice constants. Although previous researchers 34, 44 state that phonons with mean free paths shorter than their wavelengths are not physically meaningful, one can always sum over enough normal modes of vibration to create a well-defined packet of energy in space; albeit for small mean free paths the wave vector of a phonon may have a large amount of uncertainty. With regard to the phonon lifetime, Klemens 45 states that phonons with lifetimes shorter than their periods are also not physically meaningful, although no rigorous justification was provided for this argument. However, there is certainly a question as to how much spatial and temporal uncertainty a phonon can have and still adequately describe thermal transport. Peierls 46 has derived the following criterion for the minimum mean free path a phonon can have and still be used to describe thermal transport:
This criterion was derived by reasoning that the uncertainty in phonon energy should be small enough, so that it does not add significant uncertainty to its occupation number. The phonons in LTA satisfy this criterion. However, the work of Peierls only considered the effect of uncertainty of phonon occupation numbers, but not other quantities that influence phonon scattering rates such as the Fourier-transformed anharmonic spring constants. Almost all the phonons in LTA have relaxation times significantly longer than their periods; therefore any frequency-dependent quantities that appear in phonon scattering rates will not introduce significant error. However, phonons in LTA do possess small mean free paths, and hence there is a moderate amount of uncertainty in their wave vectors. The uncertainty in wave vector can cause phonon collisions that do not satisfy the conservation of quasimomentum. The uncertainty in phonon wave vector can also propagate and cause uncertainty in the Fourier-transformed anharmonic spring constants. Neither phenomenon is well understood, and both furnish important theoretical questions. The model presented here assumes that scattering rates are only frequency-dependent and do not depend explicitly on wave vector. Furthermore, the model treats all scattering process as contributing directly to the thermal resistivity, and does not differentiate between normal and Umklapp scattering processes. As a result the uncertainty in phonon wave vector is not expected to have a significant effect on the model results.
E. Validity of the Boltzmann transport equation for LTA
The unusual temperature dependence of the thermal conductivity of LTA, and its large unit cell, lead to the question whether the Boltzmann transport equation is a suitable way to model its thermal conductivity. Allen and Feldman 47 have developed a thermal conductivity model for use with disordered materials, which could potentially yield the observed temperature dependence. However, their model is only applicable for materials that have a quantum density matrix that has large nondiagonal elements. For a perfectly ordered material the quantum density matrix is diagonal, and simulations of perfectly ordered siliceous LTA also yield scattering rates with weak temperature dependences. Therefore, the offdiagonal elements in the heat flux operator do not cause the weak temperature dependence. As a result, the AllenFeldman model is inapplicable. Phonon hopping models have also been developed, 48 but they are intended for use with amorphous and strongly disordered materials. There is no well-defined reason to believe that the Boltzmann transport equation is not valid for zeolites. As mentioned earlier, the phonon relaxation lengths are only on the order of a few lattice constants, but this is not problematic if one is willing to accept some uncertainty in the phonon wave vectors. Furthermore, phonon slowing has previously been shown to be a crucial factor in the reduction of thermal conductivity of zeolite MFI by the addition of impurities, 36 and this is further evidence that the Boltzmann transport equation is valid.
IV. CONCLUSIONS
We have systematically studied the effect of temperature and extra-framework cations on the thermal properties of zeolite LTA. We successfully synthesized continuous zeolite LTA films and ion exchanged them with various metal cations, to obtain samples suitable for high-quality thermal con-063518-7ductivity measurements. The thermal conductivities of these films were successfully measured for the first time, using the three-omega method. A modeling approach, previously developed for zeolite MFI, which uses semiempirical relaxation time scattering rates along with full anisotropic dispersion, has been modified and implemented to calculate the thermal properties of LTA and to analyze its phonon dynamics. The results validated important aspects of the modeling approach and also suggested its limitations. Optical phonons dominated the thermal conductivity and boundarylike scattering associated with the pore network was found to be the strongest phonon scattering mechanism, as also observed in MFI zeolite. Our approach was previously able to explain how small amounts of framework aluminum influence the thermal conductivity of zeolite MFI. However, it was unable to fully explain how each type of metal cation influences the thermal conductivity of zeolite LTA. Despite the shortcomings of the present model, this approach still provided insight into heat transport in nanoporous materials and has been shown to be transferable to multiple materials.
